Purpose We provide detailed instructions for analyzing patient-reported outcome (PRO) data collected with an existing (legacy) instrument so that scores can be calibrated to the PRO Measurement Information System (PROMIS) metric. This calibration facilitates migration to computerized adaptive test (CAT) PROMIS data collection, while facilitating research using historical legacy data alongside new PROMIS data. Methods A cross-sectional convenience sample (n = 2,178) from the Universities of Washington and Alabama at Birmingham HIV clinics completed the PROMIS short form and Patient Health Questionnaire (PHQ-9) depression symptom measures between August 2008 and December 2009. We calibrated the tests using item response theory. We compared measurement precision of the PHQ-9, the PROMIS short form, and simulated PROMIS CAT. Results Dimensionality analyses confirmed the PHQ-9 could be calibrated to the PROMIS metric. We provide code used to score the PHQ-9 on the PROMIS metric. The mean standard errors of measurement were 0.49 for the PHQ-9, 0.35 for the PROMIS short form, and 0.37, 0.28, and 0.27 for 3-, 8-, and 9-item-simulated CATs. Conclusions The strategy described here facilitated migration from a fixed-format legacy scale to PROMIS CAT administration and may be useful in other settings.
Introduction
The Patient-Reported Outcomes (PRO) Measurement Information System (PROMIS) initiative has developed scales for many health-related constructs, including physical functioning, fatigue, and emotional distress [1] [2] [3] . Test items are designed to measure each construct's entire severity continuum and can be administered using computer adaptive testing (CAT). PROMIS items were calibrated to a normative sample representing the general US population [2] .
CAT uses a respondent's prior item responses to determine which item from an item bank to administer next or whether measurement is precise enough to terminate further data collection [4] [5] [6] [7] . CAT almost always offers improved measurement precision for a given number of items, as compared with fixed-format administration [5] [6] [7] [8] . This greater precision means fewer items may be needed to achieve the same quality of measurement, reducing patient burden.
Given the advantages of using PROMIS measures and CAT administration, many clinicians and researchers may want to assess PRO domains using PROMIS CAT. However, practical concerns may arise in migrating to PROMIS CAT from using another instrument for the same domain, which we call the ''legacy'' instrument. Clinicians may be used to interpreting scores on the metric of the legacy instrument, and the display of scores using both the legacy and PROMIS metrics may be needed to facilitate comfort with the PROMIS metric. Data may have been collected over many years using the legacy instrument, and researchers may want to continue to use historical data. As time goes on and experience accrues with a legacy instrument, it may become increasingly difficult to justify switching to a new metric, however appealing it may be, unless there is a way to retain historical legacy information.
In this paper, we show how to overcome these obstacles to migrating to PROMIS CAT. We demonstrate tools to facilitate equating legacy instrument scores to PROMIS scores. This work expands on traditional score linking methods (see [9] ) and our prior work calibrating tests using a common items design [10] . Here we have calibrated two depression symptom scales using a single group design, administering the legacy instrument, the Patient Health Questionnaire (PHQ-9), and a subset of PROMIS items (the PROMIS Depression short form) to the same group of patients. This work expands on an earlier series of papers by Bjorner et al. that demonstrated migration to a new headache measure using similar strategies [4, 11, 12] . Here we show how to incorporate PROMIS item bank parameters that are treated as known and fixed to facilitate migration from a legacy instrument to PROMIS CAT. We provide the syntax needed to accomplish the analyses demonstrated here, written in readily modifiable files.
Methods
An overview of the migration process is given in Table 1 .
Participants
Participants were a cross-sectional convenience sample from the Universities of Washington (UW) and Alabama at Birmingham (UAB) HIV clinics, both Centers for AIDS Research Network of Integrated Clinical Systems clinical sites [13] (Table 2 ). All participants were in routine clinical care and completed PRO assessments between August 2008 and December 2009. HIV-infected patients over 18 years of age completed a multi-domain assessment in clinics prior to routinelyscheduled appointments, using open-source web-based survey software on touch-screen PCs connected to a wireless network [14, 15] . The first assessment at which the PROMIS depression short form was administered was included in this analysis. Patients unable to provide informed consent, such as those with dementia, or patients who did not speak English or Spanish did not participate in the survey. The institutional review boards from both sites approved the study, which was performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki. All participants gave their informed consent prior to completing the assessment.
Measures
Step 1 We collected depression symptom data from two instruments: the 8-item PROMIS depression short form [2, 8, 16 ] and the 9-item PHQ-9 depression measure [17, 18] . The PHQ-9 was designed to tap all the DSM-4 depression elements, including cognitive and somatic symptoms and activity level, while the PROMIS depression short form is focused on emotional content. The items are provided in Online Resource 1. There are no items in common, and only partial content overlap. Each scale has been subject to thorough psychometric evaluations. Each has been found to be sufficiently unidimensional to analyze using item response theory (IRT) [8, 16, 19] .
Step 2a DIF has been shown to have minimal score impact on each of these measures [16, 19, 20] . In previous analyses, we have shown that the PHQ-9 items showed little DIF with respect to a large number of covariates [19] . Here we are transforming the scale of the PHQ-9 IRT to the PROMIS metric, and DIF should not affect that transformation.
Statistical methods

Evaluation of dimensionality
Step 2b A critical assumption of scale calibration is that both scales can be considered to measure the same unidimensional construct and that the PHQ-9 items can be considered to be indicators of the latent trait measured by the PROMIS depression item bank (Step 2). To assess this assumption, we fit several confirmatory factor analysis (CFA) models using Mplus [21] code shown in Online Resource 2. We used the national item parameters from the PROMIS Version 1 item bank (http://www.nihpromis.org) for the short form items. In all analyses, we used the weighted least squares and mean-and-variance-adjusted estimator with robust standard errors [22, 23] , applied to the tetrachoric correlation matrix estimated from the categorical item responses.
First, we fit a single-factor model of the PROMIS short form data using item parameters fixed to the values obtained from the item bank, which we transformed from their IRT values to values appropriate for Mplus (see Online Resource 2 for details on the transformation). The item bank parameters and our IRT analyses used the graded response model for ordinal variables [24] . We noted assessments of fit for this single-factor model including the Comparative Fit Index (CFI), the Tucker-Lewis Index (TLI), and the root mean square error of approximation (RMSEA). For PROMIS, acceptable levels of these fit statistics have been suggested: CFI [ 0.95, TLI [ 0.95, and RMSEA \ 0.06 [2] , though evidence is not available suggesting relevance for these statistics in single-factor confirmatory factor analysis models with ordinal indicators. We compared fit from the single-factor PROMIS item-only model to the fit from a single-factor model using both the PROMIS and the PHQ-9 items, again with the parameters for the PROMIS items fixed to their values from the item bank as transformed to Mplus, but with parameters for the PHQ-9 items freely estimated. We were especially interested in changes of the fit indices when we added the PHQ-9 items; small differences in fit would suggest that there was minimal impact on fit from considering the PHQ-9 items to be indicators of the latent trait measured by the PROMIS short form items. Our rationale for this approach was that prior careful analyses with large data sets have already established that the PROMIS scale can be considered sufficiently unidimensional to use IRT [2, 8, 16] . Our query then was whether adding additional indicators (the PHQ-9 items, also sufficiently unidimensional [19] ) would cause a notable degradation of model fit. Negligible changes in model fit would suggest that whatever arguments could be made about the PROMIS items can be made as well about the PROMIS and PHQ-9 items. The derivation of the PROMIS item bank considered the issue of local dependence very carefully. For the purposes of our calibration, the PROMIS items were treated as anchors, with item parameters treated as known (at their PROMIS values) and fixed for our analyses. For the PHQ-9 items, there is still the possibility that parameters could be affected by violations of local independence. We performed a sensitivity analysis by entering the largest residual correlation into the model and examining changes in the item parameters.
Next, we calculated the correlation between the factor scores with and without the PHQ-9. Finally, we ran a twofactor CFA where the PROMIS items were modeled as indicators of one factor, the PHQ-9 items were modeled as indicators of a different factor, and the correlation between those factors was determined. We are not aware of an established criterion, but we expected the correlation to exceed 0.9.
Calibration to the PROMIS scale
We conducted a single group calibration of the PHQ-9 and PROMIS short form using PROMIS item parameters. We outline the procedure below; complete step-by-step instructions along with sample code are provided in Online Resources 3-6. These steps used Stata [25] , Parscale [26] , and our prepare package for Stata, which can be freely downloaded by typing ''ssc install prepar'' at the Stata prompt. We reference specific Parscale parameter files from the Stata code in parentheses below.
Step 3 We freely estimated the PHQ-9 item parameters while fixing the PROMIS item parameters to their values from the PROMIS item bank, using the following steps. Specific syntax for doing this is shown in Online Resources 4-6.
(3a) We created a Parscale parameter file (PHQ-PRO1.PAR) to edit, by freely estimating item parameters using the 17 items from both measures. (3b) We edited the resulting parameter file (PHQ-PRO1.PAR) by substituting PROMIS item bank values for the 8 PROMIS item parameters for the respective parameters freely estimated in step 3a.
We saved this new parameter file (PHQPRO2.PAR). (3c) We used the parameter file from step 3b (PHQ-PRO2.PAR) to freely estimate parameters for the PHQ-9 items on the PROMIS metric, saving the new parameter file (PHQPRO3.PAR). This step provided estimates of depression symptom levels on the PROMIS metric based on all 17 items.
Step 4 We obtained IRT scores for just the PHQ-9 items calibrated to the PROMIS metric:
(4a) We edited the parameter file generated from step 3c (PHQPRO3.PAR), removing the lines with parameters for the PROMIS items and saved the new parameter file (PHQPRO4.PAR). Note that it is important in this step to also change the number of items specified in the new parameter file (PHQ-PRO4.PAR) for the next step. (4b) We estimated PHQ-9 scores using the fixed parameters that were calibrated to the PROMIS metric (PHQPRO4.PAR).
Steps 3 and 4 result in estimates of depression symptom scores and their standard errors of measurement (SEM) based on responses to the PHQ-9 items, but scored on the PROMIS metric. These new PHQ-9 scores can be used alongside scores derived from PROMIS items in analyses of depression symptom levels. The PHQPRO4.PAR parameter file could be used with historical PHQ-9 item data to obtain PHQ-9 scores calibrated to the PROMIS metric. We also obtained PROMIS short form scores using PROMIS item bank parameters.
Step 5 The PHQ-9 is typically scored using sum (total) scores, with scores ranging form 0-27. Clinically relevant labels based on these sum scores have been promulgated for this scale [27] . We converted the PHQ-9 IRT scores to a mean of 50 (SD 10), as is PROMIS convention. A test characteristic curve (TCC), an important figure generated from IRT analyses of items, can be used to indicate the most likely PHQ-9 sum score for a given PHQ-9 or PROMIS IRT score. This will help clinicians familiar with the PHQ-9 to interpret new PROMIS-based depression symptom scores.
Assessment of measurement precision
Step 6 With the data we collected for this study, we determined the distribution of the SEMs around depression symptom levels estimated from the PROMIS short form and the PHQ-9 as produced by Parscale. Next, we simulated CAT administration for our participant cohort using the parameters from all 28 depression items in the PRO-MIS item bank [2] . We used Firestar, an interface that produces R code to run a CAT simulation [28] . We estimated depression levels on the PROMIS metric from the combined PROMIS depression short form and the PHQ-9 items. These depression levels were then starting points for Firestar simulations, which simulated anticipated responses to each of the 28 PROMIS items based on these estimated depression levels observed in our sample. From each CAT simulation from Firestar, we obtained the SEM around the estimated depression symptom scores. We compared several different CAT algorithms. In the first two, everyone was administered the number of items of the PHQ-9 and PROMIS short form, 9 and 8 items, respectively. Then we simulated shorter tests to determine the minimum number of items required to surpass the measurement precision of the PHQ-9.
Results
Step 2b in calibrating the PHQ-9 to the PROMIS metric was to determine whether the PHQ-9 items could be considered to be indicators of the latent construct defined by the PROMIS short form depression items. The singlefactor model for the 8 PROMIS items, with parameters fixed to the values obtained from the PROMIS item bank, had a CFI of 0.996, a TLI of 0.998 and an RMSEA of 0.154. This suggests excellent fit by the CFI and TLI, but a suboptimal fit according to the RMSEA. The fit for the single-factor model for all 17 PROMIS and PHQ-9 items was nearly identical to the PROMIS-alone model, with CFI 0.987, TLI 0.992, and RMSEA 0.160. The correlation between the PROMIS short form and the combined PRO-MIS-metric 17-item factor scores was 0.98 and a scatter plot of the scores is available in Online Resource 7. Finally, in the two-factor model, the correlation between the PROMIS factor and the PHQ-9 factor was 0.91. In our sensitivity analysis of the effects of local dependence, entering the largest residual correlation reduced the standardized loadings of those two items by 0.036 or less (less than 5%). These analyses suggest that the PHQ-9 items can be considered to be indicators of the same construct measured by the PROMIS items and that treating the PHQ-9 items as indicators of that single factor defined by the PROMIS short form items is as appropriate for these data as treating the PROMIS short form items as the sole indicators of that factor.
We calibrated the PHQ-9 items to the PROMIS metric using steps 3 and 4 above (Online Resources 3-6) and obtained PROMIS short form scores on the PROMIS metric as well. Item parameters for the PHQ-9 on the PROMIS metric are in Online Resource 1. The PHQ-9 items were less discriminating and had lower thresholds.
The test characteristic curve (Fig. 1 ) compares 2 ways of scoring item responses to the PHQ-9. On the y-axis is the traditional score, formed by summing responses to the 9 items. On the x-axis is the PHQ-9 score produced using IRT such that scores are calibrated with, and thus are directly comparable to, PROMIS IRT scores. Figure 1 shows the most likely PHQ-9 sum score corresponding to the PROMIS metric. Horizontal lines indicate the PHQ-9 cutpoints for mild (5-9), moderate (10) (11) (12) (13) (14) , moderately severe (15) (16) (17) (18) (19) and severe (20) (21) (22) (23) (24) (25) (26) (27) depression [27] . Using these categories, a PROMIS-metric score of less than 42 would correspond to no depression, 42-51 to mild depression, 52-63 to moderate, 64-72 to moderately severe, and 73 and higher-to-severe depression [27] .
Finally, we ran a series of CAT simulations using the Firestar program, drawing items from the full 28-item PROMIS depression item bank. The mean depression symptom score as measured by the PROMIS short form and PHQ-9 depression items was 48.2 (SD 11.3) in the PROMIS metric. We based our CAT simulations on Fig. 1 The test characteristic curve shows the most likely PHQ-9 sum score (on the y-axis) corresponding to an IRT-based PHQ-9 score (x-axis), which has been calibrated to the PROMIS metric. Horizontal lines indicate the published PHQ-9 cutpoints for mild (5-9), moderate (10) (11) (12) (13) (14) , moderately severe (15) (16) (17) (18) (19) and severe (20) (21) (22) (23) (24) (25) (26) (27) depression. Mild depression (PHQ-9 score of 5-9) corresponds to scores of 42-51 on the PROMIS metric, moderate depression to 52-63, moderately severe to 64-72, and severe to scores of 73 and higher samples of 2,178 people with that mean and SD and varied the number of items administered in the simulated CATs.
In Table 3 , we show the mean SEMs estimated for the simulated samples for the 8-and 9-item CATs, alongside the mean SEMs observed for the fixed-format PHQ-9 and the PROMIS short form. The PROMIS short form had better measurement precision than the PHQ-9, as can be seen by its smaller SEM, and the 8-and 9-item-simulated CATs had better measurement precision than either fixedformat test. We determined that the minimum number of simulated CAT items needed to surpass the mean measurement precision of the PHQ-9 was 3, so we also provide the mean SEM for the simulated sample for a simulated 3-item CAT. To see whether these differences in the mean SEM were consistent across the spectrum of depression symptoms, we plotted Lowess curves for the SEMs for the PHQ-9, the simulated 3-item PROMIS CAT, the PROMIS short form, and the simulated 8-item PROMIS CAT (Fig. 2) . At all levels of depression symptoms, the PROMIS short form and the 3-item-simulated CAT each had a smaller mean SEM than the PHQ-9, and the 8-item-simulated CAT was at least as precise as either of the fixed tests.
Discussion
The PHQ-9 items can be considered indicators of the underlying factor measured by the PROMIS depression short form. We calibrated the two tests to a single metric using IRT. The analyses we performed enabled direct comparison of psychometric properties of the PHQ-9 and subsets of the PROMIS item bank such as the short form and simulated CATs. One result of the calibration was Fig. 1 , which enables clinicians to roughly translate between PHQ-9 and PROMIS depression symptom scores, and the item parameters (Online Resource 1), which facilitate more precise calibration. The PROMIS scales had superior measurement precision than the PHQ-9 (Fig. 2) . The tools we developed are detailed in Online Resources and can be readily modified to other settings.
There are several advantages that may be realized by migrating to PROMIS. The PROMIS scales have been extensively tested. Their validity has been assessed in a number of settings and patient populations [1-3, 20, 29, 30] . PROMIS scales have been calibrated so that comparisons can be made to the United States general population [2] . The PROMIS item banks are designed for CAT administration, and our findings add to the literature demonstrating increased precision of CAT compared to fixed-format administration [8, 29, 30] . The PROMIS items are more discriminating than PHQ-9 items, in part because they have more response categories. The PHQ-9 items are all multi-part (lots of use of the word ''or''), which may also hinder their discrimination.
Our CAT simulations provide additional impetus to switch to PROMIS CAT. The PROMIS short form and 3 different length-simulated CATs provided measurement precision equal to or better than that provided by the PHQ-9. Better precision allows for shorter tests. While the PHQ-9 is associated with relatively minimal respondent burden (we have documented median completion times of around 1 min [19] ), any time saved with PROMIS CAT could be applied to measuring other domains or reduce the overall respondent burden [14, 15] . Alternatively, with the same number of items as the PHQ-9, one could dramatically increase measurement precision. Not shown here but clearly feasible would be a middle strategy; a 5-item CAT, for example, would both reduce respondent burden and improve measurement precision.
A query that could be raised is why one should go to all of this trouble; why not just switch from a legacy instrument to a PROMIS instrument? In our view, there are several reasons to use our procedures. One of the strongest of these is to facilitate continued research using PRO data collected before and after the switch. We can re-compute PHQ-9 scores using the PROMIS metric, permitting us to use all our historical depression data in analyses (for example, see [31] ).
A second reason to use our procedures is to facilitate clinical understandings of the new scale. Formal calibration permits helpful illustrations such as that shown in Fig. 1 , enabling clinicians and researchers to understand the new scale based on an already familiar scale. Figure 1 suggests that clinical labels traditionally used with PHQ-9 sum scores correspond to roughly 10 point intervals (1SD) on the PROMIS depression metric [16] . It would be premature, however, to fix the PHQ-9 clinical labels to PROMIS depression scores. The PHQ-9 cutpoints were Fig. 2 Lowess curves for the standard error of measurement (SEM) by depression symptom score. All the PROMIS scores, including the simulated 3-item CAT, are more precise (have smaller SEM) than the PHQ-9. In the absence of other criteria, an SEM of 0.3 SD, here equal to 3, is often used as an acceptable level of precision selected for ease of application, rather than optimal diagnosis [27] , and PHQ-9 scores may overestimate depression [32, 33] . Further research that includes diagnoses will be needed to establish clinical labels for PROMIS depression scores.
With suitable caution, calibrated PHQ item parameters (Online Resource 1) can be used in other populations to generate PROMIS scale scores from PHQ-9 item responses. A nice feature of IRT is that parameter estimates are invariant across samples (within a linear transformation) if assumptions underlying the item response models are met. These invariance properties apply within the range of overlap of trait-level distributions of the different samples. Here, we observed the full range of scores on the PHQ-9 and PROMIS depression measure. So while this study was conducted with HIV-infected patients, the calibration should be valid for other samples, unless there is DIF with respect to population group, which could be determined empirically.
To our knowledge, this is the first direct comparison of the psychometric properties of the PHQ-9 depression symptom scale to the PROMIS depression short form or simulated PROMIS CATs. The migration approach taken here facilitates an examination of psychometric properties of the tests. These results can inform our understanding of the striking difference in measurement precision between the PHQ-9 and various PROMIS scores (Fig. 2) . The PROMIS item bank has more items that address moderately severe depression levels in the 60-to 70-point range than the PHQ-9, and several such items are included in the PROMIS short form. This produces PROMIS's improved measurement precision for individuals with depression levels in this range.
We have written detailed descriptions of the techniques we used to calibrate the PHQ-9 to the PROMIS metric and have included code that produced the analyses, in the hope that they will be useful to individuals performing similar analyses. The techniques outlined here could also be used to expand PROMIS item banks. The methods outlined here could be implemented with other software programs. We used Parscale because we have developed an array of Stata tools for it, but everything could have been done in other packages, such as Mplus or IRTPRO. Online Resource 2 illustrates how to convert PROMIS item parameters to values appropriate for Mplus and how to fix item parameters for analyses. Other researchers have undertaken a similar migration for a new headache measure [4, 11, 12] . Our paper adds to that literature by incorporating established item bank parameters and providing specific adaptable code. We demonstrated the specific application to depression, which may be of interest in a wide variety of clinical settings.
Several limitations of this paper should be noted. We are unaware of specific criteria for determining whether calibrated scales are sufficiently unidimensional. We were guided by theoretical considerations (i.e., both scales putatively measure depression, and similar constructs are assessed by the items in the two scales) and by the results of our analyses, which showed very little effect on fit when we added PHQ-9 items to the PROMIS depression scale. Second, at each stage in the analyses, we treated some item parameters as known and fixed, ignoring error in the estimates of the IRT parameters. Bjorner and colleagues [11] show a method for incorporating an error structure when one is available, but we did not have access to error values. Third, mean depression symptom levels in our cohort were slightly lower than those found in a nationally representative (non-HIV) population. Few participants endorsed very high levels of depression symptoms, so our confidence in the highest threshold parameter estimates for the PHQ-9 is somewhat less than it would be in a population with many more severely depressed individuals. Nevertheless, data presented here are from a very large clinical sample from two specialty medical clinics, thus representing the distribution of depression levels likely to be seen among HIVinfected patients in routine clinical care.
Steps may remain before adopting CAT for routine clinical use. PRO CAT may be considered a substantial modification to a measure and may require assessments of validity with actual (not simulated) CAT [4, 12, 34] . In addition, our CAT simulations used a traditional CAT algorithm that selects items based on their psychometric properties alone. However, there may be items such as the PHQ-9 question about suicidality that clinicians are interested in regardless of its psychometric properties. It should also be noted that we have evaluated the instruments on their psychometric properties alone; the PHQ-9 items are aligned to the diagnostic criteria for depression and may be preferable if diagnosis is the goal.
In summary, we have presented detailed methods for migrating from fixed-format legacy PRO collection to either the PROMIS short form or PROMIS CAT. Furthermore, we have shown how this may be done without losing historical data collected using the legacy instrument. We hope that the tools provided here will prove useful to others wishing to migrate from a legacy instrument to PROMIS.
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